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It is often speculated that progressive deteriora-
tion of left ventricular function in beart failure is
due to ongoing loss of viable cardiocytes. In this
study, we examined the possibility that cardio-
cyte loss in beart failure may be due, in part, to
apoptosis, an active process of gene-directed cel-
lular self-destruction. Studies were performed in
left ventricular tissue obtained from 10 dogs with
chronic beart failure produced by multiple intra-
coronary microembolizations (left ventricular
ejection fraction 27 * 1%) and from 5 normal
dogs. Evidence for cardiocyte apoptosis was
based on transmission electron microscopy cri-
teria and on in situ immunobistochemical label-
ing of nuclear DNA fragmentation. There was no
evidence of apoptotic cardiocytes in normal
dogs. Features of cardiocyte apoptosis were ob-
served in dogs with beart failure primarily in
regions bordering old infarcts. Electron micro-
scopic features of cardiocyte apoptosis included
(1) intact sarcolemma and inner organelles in
the presence of compaction and segregation of
nuclear chbromatin into sharply delineated
masses that abut the nuclear envelope, (2) intact
sarcolemma in the presence of cytoplasm sbrink-
age, blebbing, and nuclear fragmentation, and
(3) intact sarcolemma in the presence of com-
Dlete disorganization of inner organelles and
disappearance of nucleolemma. A count of all of
the apoptotic bodies positively labeled for nu-
clear DNA fragments showed that 11% were of
cardiocyte origin confirmed by positive labeling
with striated muscle antimyosin antibody. We
conclude that morpbhbological and biochemical
Seatures of cardiocyte apoptosis exist in the left
ventricular myocardium of dogs with chronic
beart failure. (Am J Pathol 1996, 148:141-149)

Progressive deterioration of left ventricular function is
a characteristic feature of the heart failure state. This
progressive deterioration often occurs despite the
absence of intercurrent adverse clinical events such
as ischemia or infarction. The exact mechanisms that
underlie this process are not known. A possible
working hypothesis is that progressive left ventricular
dysfunction occurs, in part, as a result of ongoing
loss of viable cardiocytes. There is no direct evi-
dence to date, however, supporting the concept that
ongoing death of cardiocytes occurs in chronic heart
failure. Electron microscopic studies on tissues ob-
tained from hypertrophied and failing human
hearts'=® and hearts of dogs with experimentally
induced chronic heart failure”® have clearly estab-
lished the existence of myocyte degeneration. These
observations provide some support, albeit indirect,
to the concept of ongoing myocyte loss in the failing
heart.

Two mechanisms of cell death have been de-
scribed to date, namely, death through necrosis and
death through apoptosis. The distinguishing features
of cell necrosis are membrane rupture with associ-
ated inflammation.®~"" Characteristic ultrastructural
features of cardiocyte necrosis include cell swelling,
plasma membrane breakdown, clumping of nuclear
chromatin into ill-defined masses, gross swelling and
disruption of sarcoplasmic reticulum and mitochon-
dria, and the appearance of flocculent or granular
densities in the matrix of mitochondria.’?>'® As a
consequence of sarcolemmal rupture, calcium over-
load and lethal disturbances in other electrolytes
occur in necrotic cardiocytes.'*'® In contrast, apo-
ptosis occurs in the absence of membrane rupture
and inflammation and is characterized by fragmen-
tation of nuclear DNA.'®~® Early ultrastructural man-
ifestation of apoptosis include compaction and seg-
regation of nuclear chromatin into sharply delineated
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masses that lie against the nuclear envelope, con-
densation of the cytoplasm, and mild convolution of
the nuclear and cellular outlines. Subsequently, nu-
clear fragmentation occurs and the cell surface de-
velops pediculated protuberances and separate into
membrane-bound apoptotic bodies, which are
phagocytosed or digested by adjacent cells. The
apoptotic cell does not rupture before it is engulfed
by a macrophage.'”'® In contrast to passive necro-
sis, which occurs in response to lethal injury, apo-
ptosis appears to be an active, strongly regulated,
energy-requiring process that appears to be under
genetic control. That is why the terms apoptosis and
programmed cell death are often interchange-
able.’~2" |n normal adult tissues, apoptosis plays a
crucial role in the maintenance of proliferating cell
populations and is balanced by mitosis.?22% It is now
recognized that terminally differentiated cells may
also retain the ability to die by apoptotic mecha-
nisms.?* Elements of cardiocyte apoptosis have
been demonstrated in patients treated with certain
anticancer drugs,®® in ischemia/reperfusion studies
of rabbit myocardium,?® and in cultured neonatal rat
cardiocytes exposed to hypoxic conditions.?” In the
present study, we examined whether morphological
and biochemical features of cardiocyte apoptosis
exist in myocardium of dogs with chronic heart
failure.

Materials and Methods

Experimental Preparation

Left ventricular myocardial samples from 15 dogs
were used in the study. Dogs weighed between 20
and 30 kg; 10 dogs had chronic heart failure and 5
were normal. Chronic heart failure was produced by
multiple sequential intracoronary embolization with
polystyrene latex microspheres (77 to 102 um in
diameter) as previously described.?® Coronary mi-
croembolizations were performed during sequential
cardiac catheterizations under general anesthesia
and sterile conditions. The anesthesia regimen con-
sisted of a combination of intravenous oxymorphone
hydrochloride (0.22 mg/kg), diazepam (0.17 mg/kg),
and sodium pentobarbital (150 to 250 mg to effect).
Embolizations were discontinued when left ventricu-
lar ejection fraction, measured angiographically, was
30 to 40%. Two weeks after the last embolization, left
ventricular ejection fraction was 33 * 1%. Subse-
quently, dogs were maintained for a period of 3 to 4
months without any additional interventions or ther-
apy of any kind. At the end of this follow-up period,
dogs underwent a cardiac catheterization with left

ventriculography to assess ejection fraction.® The
ejection fraction before sacrifice was 27 = 1%, which
was significantly lower than two weeks after the last
embolization (P < 0.001). At the end of this proce-
dure, while still under general anesthesia, the chest
was opened through a left thoracotomy, the pericar-
dium was opened, and the heart was rapidly re-
moved and immediately placed in ice-cold car-
dioplegic solution. The study was approved by the
institution’s Care of Experimental Animals Committee
and conformed to the guiding principles of the Amer-
ican Physiological Society.

Transmission Electron Microscopy

Transmural tissue samples, approximately 1 mm
thick, were obtained from the left ventricular free
wall at the mid-ventricular level and immediately
immersed in ice-cold 3.5%, 0.1 mol/L phosphate-
buffered glutaraldehyde (pH 7.2). After 24 hours,
the tissue blocks were postfixed for 2 hours in 1%,
0.1 mol/L phosphate-buffered OsO, (pH 7.2) and
subsequently embedded in araldite. Areas of in-
terest were selected from toluidine-blue-stained
semithin sections. Ultrathin sections were mounted
in slot grids, covered with Formvar, double stained
in uranyl acetate and lead citrate. Sections were
examined in a Philips 201 transmission electron
microscope at magnifications ranging from
X3,000 to xX15,000 to assess ultrastructural fea-
tures of cardiomyocytes.

In Situ Identification of Nuclear DNA
Fragmentation

Transmural samples from the left ventricular free wall
were mounted on cork with Tissue-Tek embedding
media, frozen in isopentane cooled to —160°C in
liquid nitrogen and stored at —70°C until ready for
use. Cryostat sections were stained with the
ApopTag in situ apoptosis detection kit (Oncor,
Gaithersburg, MD) to detect cells showing nuclear
DNA fragmentation. The procedure is based upon
the method described by Schmitz et al.3° Residues
of digoxigenin-nucleotide are catalytically added to
the DNA by terminal deoxynucleotidyl transferase,
an enzyme that catalyzes a template-independent
addition of deoxyribonucleotide triphosphate to the
3'-OH ends of double- or single-stranded DNA. The
anti-digoxigenin antibody fragment carries either a
fluorescein or peroxidase to the reaction site. For
negative control to DNA fragmentation labeling, the
serial sections were stained without terminal de-



oxynucleotidyl transferase. To identify cells or bodies
of cardiocyte origin, sections stained for DNA frag-
ments with the fluorescein label were then double
stained overnight at 4°C with a monoclonal mouse
striated muscle antimyosin antibody (working dilu-
tion 1:10,000). A sheep anti-mouse biotinylated im-
munoglobulin G (Sigma Chemical Co., St. Louis, MO;
working dilution 1:600) was used as the secondary
antibody. For visualization, sections were stained
with streptavidin-Texas Red (Sigma; working dilution
1:400). From each section, 20 light microscopic
fields (X40) were used to count the number of cells
positively labeled for nuclear DNA fragmentation.
Ten fields were selected at random from myocardial
regions bordering old infarctions and 10 fields from
myocardial regions remote from any infarction. The
average number of myocytes in fields selected from
regions bordering old infarcts was 89 (range 66 to
120) and 113 (range 88 to 140) in fields selected
from remote myocardial regions. Transmural section
from the left ventricular free wall from five normal
dogs were prepared and examined in an identical
fashion. In these normal dogs, only 10 fields were
selected at random for quantitation of the number of
bodies manifesting DNA fragmentation. The average
number of cardiocytes in these fields was 149 (range
144 to 158). Only sections stained for fluorescein-
labeled DNA fragmentation events were used for
quantitative analysis. The sections stained for DNA
fragmentation labeled with peroxidase were double
stained with methyl green and were used for quali-
tative analysis. For negative control to myosin stain-
ing, serial sections were stained without antimyosin
antibody.

Data Analysis

Transmission electron microscopy was evaluated
qualitatively for the presence of specific features of
apoptosis. The number of bodies manifesting nu-
clear DNA fragmentation per field were compared
between normal and failed left ventricular tissue us-
ing a t-test for two means. For this test, a probability
of 0.05 or less was considered significant. In heart
failure dogs, the number of bodies manifesting DNA
fragmentation per field were compared between left
ventricular regions bordering old infarcts and left
ventricular regions remote from any infarcts by Stu-
dent'’s paired t-test. For this test, a probability of 0.05
or less was considered significant. All values are
reported as the mean * SEM.
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Figure 1. Electron micrograph of a cardiocyte from the left ventricle of
a normal dog. The nucleus (N) shows even distribution of chromatin
and a normal nucleolus (n). Uranyl acetate and lead citrate; final
magnification, X 5400.

Results

Transmission Electron Microscopy

Electron microscopic features of cardiocyte apopto-
sis were identified in left ventricular tissue obtained
from every dog with heart failure but in none of the
tissue specimens obtained from the left ventricles of
normal dogs. In heart failure dogs, the majority of
cardiocytes with features consistent with apoptosis
were located in left ventricular regions bordering old
infarcts. In most instances, cardiocytes showing fea-
tures of apoptosis were encircled by large amounts
of collagen and were always present in the absence
of any inflammatory response. Figure 1 illustrates a
typical cardiocyte from the left ventricle of a normal
dog. The nucleus shows even distribution of chro-
matin and a normal nucleolus. A typical cardiocyte
from the left ventricle of a heart failure dog remote
from any old infarcts also shows evenly distributed
nuclear chromatin and a normal nucleolus (Figure 2).

In heart failure dogs, the majority of cardiocytes
that were located in zones bordering old infarcts
showed modest margination and clumping of nu-
clear chromatin into ill-defined masses that are
present throughout the nuclear matrix. This feature is
consistent with the possible presence of mild isch-
emia or hypoxia as previously described (Figure
3).'27'% Compaction of nuclear chromatin into
sharply circumscribed, uniformly dense masses that
abut the nuclear envelope was seen in occasional
cardiocytes (Figures 4 and 5). In these cells, the
inner organelles were preserved and the sarco-
lemma appeared intact. According to the ultrastruc-
tural features of apoptosis described earlier,’”"'®
these cells most likely represent an early stage of
apoptosis. Figure 6 is a typical example of a cardio-
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Figure 2. Electron micrograph of cardiocyte from left ventricle of dog
with beart failure. The cell is located remote from old infarct. The
nucleus (N) shows even distribution of chromatin and a normal
nucleolus (n). Uranyl acetate and lead citrate; final magnification,
X 9000.

cyte in an advanced stage of apoptosis. This cell
showed shrinkage of the cytoplasm and a vast
amount of sarcolemmal protrusions and invagina-
tions. The nucleus is fragmented and electron dense
and exhibits compaction of nuclear chromatin into
sharply delineated masses that lie against the nu-
clear envelope, whereas the sarcolemma itself ap-
pears to be intact (Figure 6). Figure 7 illustrates the
end stage of the apoptotic process, namely, the
engulfment of an intact membrane-bound apoptotic
body by a macrophage. In this body, the nucleo-
lemma is absent and the apoptotic body shows just
electron-dense, sharply delineated fragments of nu-
clear chromatin. At this stage, it is not possible to
judge the origin of the apoptotic body only on the
basis of its electron microscopic appearance.

Figure 3. Electron micrograph of cardiocyte from left ventricle of dog
with beart failure. The cell is located in a region bordering an old
infarct. The cardiocyte is encircled by collagen (CL) and shows mild
margination and clumping of ill defined nuclear chromatin (arrow)
consistent with moderate ischemia or hypoxia. N, nucleus; n, nucleo-
lus. Uranyl acetate and lead citrate; final magnification, X 12,400.

A%

Figure 4. Electron micrograph of cardiocyte from the left ventricle of a
dog with chronic beart failure manifesting the earliest stage of apop-
tosis. The cardiocyte is located on the border of an old infarct and
encircled by collagen (CL). The nucleus (N) shows normal shape and
contains small sharply delineated electron dense chromatin masses
(arrowhead) that abut the nuclear envelope. Clumped ill defined
nuclear chromatin is also present (arrow). Mitochondria (M) and
myofibrils (MF) appear normal. The sarcolemma (SM) appears intact.
Uranyl acetate and lead cilrate; final magnification, X 12,400.

In Situ Nuclear DNA Fragmentation

Figure 8a shows a positive peroxidase staining for
nuclear DNA fragmentation of a cardiocyte encircled
by collagen in a region bordering an old infarct.
Negative control to DNA fragmentation staining
(staining for DNA fragmentation without terminal de-
oxynucleotidyl transferase) confirmed the high spec-
ificity of the method selected for DNA fragmentation
labeling. Similarly, negative control staining without
antimyosin antibody also did not show any nonspe-
cific binding of the secondary antibody. Typical ex-
amples of cardiocytes and small bodies of cardio-

Figure 5. Electron micrograph of cardiocyte from the left ventricle of a
dog with chronic bheart failure manifesting a more advanced stage of
apoptosis compared with the cardiocyte in Figure 4. The cardiocyte is
located on the border of an old infarct and is encircled by collagen
(CL). The nucleus (N) shows deep invaginations of the nucleolemma
and contains large sharply delineated electron dense chromatin
masses (arrowhead) that abut the nuclear envelope. Mitochondria (M)
and myofibrils (MF) appear normal. The sarcolemma (SM) appears
intact. Uranyl acetate and lead citrate; final magnification. X 17, 500.



Figure 6. Electron micrograph of cardiocyte from the left ventricle of a
dog with chronic beart failure manifesting a more advanced stage of
apoptosis compared with the cardiocyte in Figure 5. The cardiocyte is
located on the border of an old infarct and is encircled by collagen
(CIL). The cytoplasm is electron dense and shows shrinkage. The sar-
colemma manifests deep invaginations (arrowhead) and protrusions
(arrow) indicative of considerable blebbing. The electron-dense nu-
cleus (N) is fragmented and shows sharply delineated electron-dense
chromatin that abuts the nuclear envelope (curved arrow). The sar-
colemma appears intact. ID, intercalated disc; AC, apoptotic cell.
Uranyl acetate and lead citrate; final magnification, X 12,400.

cyte origin with positive fluorescein labeling for
nuclear DNA fragmentation are shown in Figure 8,
a—f. The majority of apoptotic events observed in this
study, based on labeling for nuclear DNA fragmen-
tation, were small bodies of cardiocyte origin. Iden-
tification of cardiocytes with positive labeling of the
nucleus for DNA fragmentation was a much rarer
event.

In left ventricular tissue from normal dogs, the
number of apoptotic bodies per field regardiess of
cell origin was not significantly different than the
number of apoptotic bodies located in remote myo-
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Figure 7. Electron micrograph of an apoptotic body (AB) being en-
gulfed by a macropbage (M). The micrograph was obtained from the
left ventricle of a dog with chronic beart failure. The apoptotic body
was located on the border of an old infarct. The body appears to have
an intact membrane (arrowhead) and contains fragments of sharply
delineated electron-dense nuclear chromatin without a nuclear enve-
lope (N) and without any other recognizable cytoplasm organelles. CI,
collagen. Uranyl acetate and lead citrate; final magnification,
X 12.400.
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cardium of failing hearts (Table 1). In normal left
ventricular tissue, none of the apoptotic bodies could
be ascribed to cardiocytes as none could be con-
firmed to contain myosin based on labeling with
antimyosin antibody. In contrast, in failed left ventric-
ular tissue remote from any old infarcts, approxi-
mately 2.7% of all apoptotic bodies were of cardio-
cyte origin based upon positive labeling with
antimyosin antibody (Table 1). In heart failure dogs,
the majority of apoptotic bodies identified by labeling
for nuclear DNA fragmentation were present in left
ventricular regions bordering old infarcts (Table 1).
In regions bordering old infarcts, the number of apo-
ptotic bodies per field, regardless of cell origin, was
significantly greater than the number of apoptotic
bodies per field in left ventricular regions remote
from any infarcts (Table 1).

Discussion

The results of the present study demonstrate that
morphological and biochemical features of apopto-
sis exist in cardiocytes of dogs with chronic heart
failure. These observations provide, for the first time,
some evidence for cardiocyte apoptosis in heart fail-
ure. The confirmation of this process was based on
established electron microscopic criteria for apopto-
sis and on the presence of nuclear DNA fragmenta-
tion, a commonly accepted key marker of the apo-
ptosis process.

To date, two types of cell death have been iden-
tified. The most familiar is necrosis, which generally
follows an acute injury such as ischemia. The other is
termed apoptosis or programmed cell death and
was first described by Kerr et al.'” Necrosis is char-
acterized by cell swelling followed by membrane
rupture that, in turn, evokes an inflammatory re-
sponse.'?3" In contrast to necrosis, apoptosis is an
active, tightly regulated, energy-requiring process
that appears to be under genetic control.’”32 Apo-
ptotic cells do not swell but actually shrink.'® These
cells also exhibit nuclear fragmentation and chroma-
tin condensation with lysis of the nucleolemma
whereas the sarcolemma remains intact until the cell
is engulfed by local macrophages with avoidance of
inflammation.®" Apoptotic cardiocytes identified in
the present study showed similar features, namely,
marked cytoplasm shrinkage and absence of inflam-
mation while the sarcolemma appeared intact. In the
present study we also demonstrated at the electron
microscopic level the rarely seen event of an apo-
ptotic body of unknown origin being engulfed by a
macrophage.
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Figure 8. Sections of left ventricular myocardium of a dog with chronic beart failure. Final magnification, X 500. a: Region bordering an old infarct.
Nuclear DNA fragmentation staining with peroxidase. Counterstaining with methyl green. Arrow indicates the cardiomyocyte showing positive
reaction for nuclear DNA fragmentation. b: Region remote from an old infarct. Section stained for nuclear DNA fragmentation with a fluorescein
label. Arrow indicates the cell with the positive labeling for nuclear DNA fragmentation. C: Region bordering an old infarct. Section stained for nuclear
DNA fragmentation with the fluorescein label. Arrow indicates positive staining for nuclear DNA fragmentation. d: Same section as in C stained with
antimyosin antibody. One of the apoptotic bodies, seen in C shows positive staining for myosin (@rrow) confirming its cardiocyte origin. €: Region
bordering an old infarct. Section stained for nuclear DNA fragmentation with the fluorescein label. Arrow indicates positive staining for nuclear DNA
JSragmentation. f. Same section as in € stained with antimyosin antibody. One of the cells, seen in € shows positive staining for myosin (arrow)
confirming its cardiocyte origin. Small yellow dots that are visible in b and € are most likely the result of nonspecific staining of lipofuscin bodies.

In 1987, Wyllie®® proposed four cardinal elements
involved in apoptosis. These included (1) cell volume
reduction, (2) nuclear chromatin condensation in
early stages of apoptosis, (3) changes in the cell
membrane that allow recognition by phagocytic
cells, and (4) dependence of the apoptotic process
on active protein synthesis.®® In the present study,
most of these features were identified in cardiocytes.

We observed a clear reduction in the size of apop-
totic cardiocytes, condensation of nuclear chromatin
into sharply delineated masses that abut the nuclear
envelope, and changes in the sarcoplasm charac-
terized by shrinkage and blebbing. All of these fea-
tures, however, were not always identified in each
affected cardiocyte. The formation of blebs is
thought to be one of the steps of the apoptotic pro-



Table 1. Number of Cells per Field (X40) Showing
Nuclear DNA Fragmentation in Left
Ventricular Myocardium of Normal Dogs and
Dogs with Heart Failure

Heart failure dogs

Normal Remote Infarct
dogs region border

All cells regardless 0.94 = 0.16 0.75 = 0.08 3.21 £ 0.42*
of origin

Cells of cardiocyte 0
origin

0.02 = 0.01 0.41 = 0.05"

*P < 0.001; remote region versus infarct border.

cess.3* The blebs fragment into characteristic apo-
ptotic bodies that, nonetheless, retain structural in-
tegrity.3* Such membrane-bound apoptotic bodies
are short lived and are phagocytosed.®® Accord-
ingly, each apoptotic body identified in the present
study as being of cardiocyte origin because of the
presence of myosin in the cytoplasm represents an
isolated part of a former cardiocyte. It is likely that
many apoptotic bodies originate from a single card-
iocyte through the blebbing process. On the other
hand, it is not known how many apoptotic bodies that
do not contain myosin are of myocyte or non-myo-
cyte origin. For this reason, and because the dura-
tion of the apoptotic process is not known for card-
iocytes, one cannot determine, at present, the rate of
the cardiocyte apoptosis process in heart failure. We
can, however, state with some confidence that, in
this dog model of heart failure, the apoptotic process
appears to be substantially more active in left ven-
tricular regions bordering old infarcts in comparison
to regions remote from any infarcts.

Most of our present knowledge of the nature of
apoptosis has come from studies with cells in culture
in which apoptosis was experimentally induced.?
These experiments showed that apoptosis is asso-
ciated with increased endogenous endonuclease
activity3® with DNA cleavage being the most charac-
teristic biochemical feature of this process.®” Ac-
cordingly, the appearance of the ladder of nucleo-
somal DNA fragments in agarose gels became the
hallmark of apoptosis or programmed cell death.
Because apoptosis tends to involve single cells,
standard detection methods involving genomic DNA
extraction are not useful as the analysis does not
allow distinction between individual cells.2! For this
reason, we selected an immunohistochemical stain-
ing procedure for in situ visualization of nuclear DNA
fragmentation.

Studies by other investigators have suggested
that cardiocytes may undergo apoptosis under cer-
tain pathophysiological conditions. Many of these
studies, although important, provide only limited ev-
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idence of cardiocyte apoptosis. Indirect evidence of
apoptosis, based on phagocytosis of a cardiocyte
was described by Bing3? in a spontaneously hyper-
tensive rat with left ventricular hypertrophy. James>'
presented transmission electron microscopic evi-
dence of apoptosis in cells of the sinus node ob-
tained from hearts of two patients treated surgically
for long QT syndrome. In early stages of myocardial
ischemia in the rat, Barr and Tomei®* presented a
transmission electron microscopic example of an ap-
optotic cardiocyte with a typical feature of sarcolem-
mal blebbing. In a rabbit model of myocardial isch-
emia and reperfusion, Gottlieb et al®® presented
evidence of cardiocyte apoptosis during reperfusion
of ischemic myocardium. Evidence was based on
electron microscopic findings of nuclear chromatin
condensation and DNA ladder.?®

The factors that may trigger apoptosis in the failed
myocardium are not fully understood. The possibility
exists that apoptosis may be induced by the same
agents that produce necrosis with the type of cell
death being dependent on the severity of the insult
rather than its qualitative nature.®> Some evidence
exists that suggests that increased cytosolic calcium
concentration,®® formation of oxygen free radicals,
temporary ischemia,?® and cell exposure to hy-
poxia?” may each be a trigger for apoptosis. One
cannot exclude the possibility that some of these
triggers and perhaps all may exist in the failing heart.
In myocytes bordering old infarcts, we showed elec-
tron microscopic evidence of the possible existence
of mild ischemia or hypoxia of collagen-encircled
cardiocytes based on the observation of ill-defined
nuclear chromatin aggregation (Figure 3). This find-
ing is not likely to be a consequence of tissue fixation
by immersion as all of the cells of normal dogs and
all of the cardiomyocytes from failing dogs that are
not surrounded by an excessive amount of collagen
do not show any signs of ischemic injury. In the left
ventricle of dogs with chronic heart failure, we pre-
viously demonstrated that myocytes with advanced
degeneration were encircled by extensive amounts
of collagen and were located in myocardial regions
bordering old infarcts.®® These cardiocytes also
manifested a near twofold increase in lactate dehy-
drogenase activity compared with left ventricular re-
gions that manifested little or no interstitial fibrosis.*°
These findings suggest that chronic hypoxia or isch-
emia, a potential trigger of apoptosis, may be
present in the failing left ventricle at least in regions
where the cells are encircled by large amounts of
collagen. In the present study, apoptotic cardiocytes
were almost invariably encircled by extensive colla-



148 Sharov et al
AJP January 1996, Vol. 148, No. 1

gen deposits and occurred with the highest fre-
quency in myocardial regions bordering old infarcts.

Significance and Conclusions

The results of the present study indicate that mor-
phological and biochemical features of apoptosis
exist in cardiocytes in dogs with chronic heart failure.
The highest incidence of apoptotic events occurred
in myocardial regions bordering old infarctions. The
importance of these findings rests on the demonstra-
tion that cardiocytes, which are believed to be ter-
minally differentiated, may undergo apoptosis. The
possibility that cardiocyte apoptosis can occur in the
setting of chronic heart failure provides a potential
mechanism for ongoing loss of functional cardiac
units in this disease state.

References

1. Perennec J, Hatt PY: Myocardial morphology in cardiac
hypertrophy and failure: electron microscopy in man.
Cardiac Hypertrophy and Failure. Edited by B Swyng-
hedauw. London, John Libbey Eurotext, 1988, pp 267-
276

2. Baandrup U, Florio RA, Roters FF, Olsen EGJ: Electron
microscopic investigation of endomyocardial biopsy
samples in hypertrophy and cardiomyopathy: a semi-
quantitative study in 48 patients. Circulation 1981, 63:
1289-1297

3. Knieriem HJ: Electron-microscopic findings in conges-
tive cardiomyopathy. Cardiomyopathy and Cardiac Bi-
opsy. Edited by M Kaltenbach, F Loogen, EGJ Olsen.
New York, Springer-Verlag, 1978, pp 71-86

4. Kunkel B, Lapp H, Kober G, Kaltenbach M: Ultrastruc-
tural evaluations in early and advanced congestive
cardiomyopathies. Cardiomyopathy and Cardiac Bi-
opsy. Edited by M Kaltenbach, F Loogen, EGJ Olsen.
New York, Springer-Verlag, 1978, pp 87-99

5. Maron BJ, Ferrans VJ, Roberts WC: Ultrastructural fea-
tures of degenerated cardiac muscle cells in patients
with cardiac hypertrophy. Am J Pathol 1975, 79:387-
413

6. Ferrans VJ, Morrow AG, Roberts WC: Myocardial ultra-
structure in idiopathic hypertrophic subaortic stenosis:
a study of operatively excised left ventricular outflow
tract muscle in 14 patients. Circulation 1972, 45:769-
792

7. Sabbah HN, Sharov VG, Riddle JM, Kono T, Lesch M,
Goldstein S: Mitochondrial abnormalities in myocar-
dium of dogs with chronic heart failure. J Mol Cell
Cardiol 1992, 24:1333-1347

8. Sharov VG, Sabbah HN, Shimoyama H, Ali AS, Levine
TB, Lesch M, Goldstein S: Abnormalities of contractile
structures in viable myocytes of the failing heart. Int J
Cardiol 1994, 43:287-297

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Reimer KA, Jennings RB: lon and water shifts, cellular.

Pathophysiology of Shock, Anoxia, and Ischemia. Ed-
ited by RA Cowley, BF Trump. Baltimore, Williams and
Wilkins, 1982, pp 132-146

Trump BF, Berezesky IK, Cowley RA: The cellular and
subcellular characteristics of acute and chronic injury
with emphasis on the role of calcium. Pathophysiology
of Shock, Anoxia, and Ischemia. Edited by RA Cowley,
BF Trump. Baltimore, Williams and Wilkins, 1982, pp
6-46

Fleckenstein A, Janke J, Doring HJ, Pachinger O:
Ca** overload as the determinant factor in the produc-
tion of catecholamine-induced myocardial lesions. Re-
cent Adv Stud Card Struct Metabol 1973, 2:445-466
Jennings RB, Ganote CE: Structural changes in myo-
cardium during acute ischemia. Circ Res 1974, 34-35:
156-172

Jennings RB, Hawkins HK: Ultrastructural changes of
acute myocardial ischemia. Degradative Processes in
Heart and Skeletal Muscle. Edited by K Wildenthal.
Amsterdam, Elsevier/North Holland, 1980, pp 295-346
Jennings RB, Sommers HM, Kaltenbach JP, West JJ:
Electrolyte alterations in acute myocardial ischemic in-
jury. Circ Res 1964, 14:260-269

Reimer KA, Jennings RB, Hill ML: Total ischemia in dog
hearts in vitro. II. High energy phosphate depletion and
associated defects in energy metabolism, cell volume
regulation, and sarcolemmal integrity. Circ Res 1981,
49:901-911

Kerr JFR: A histochemical study of hypertrophy and
ischemic injury of rat liver with special reference to
changes in lysosomes. J Pathol Bacteriol 1965, 90:
419-455

Kerr JFR, Wyllie AH, Currie AR: Apoptosis: a basic
biological phenomenon with wide-ranging implications
in tissue kinetics. Br J Cancer 1972, 26:239-257

Kerr JFR: Shrinkage necrosis: a distinct mode of cellu-
lar death. J Pathol 1971, 105:13-20

Arends MJ, Morris RG, Wyllie AH: Apoptosis: the role of
the endonuclease. Am J Pathol 1990, 136:593-608
Vaux DL: Toward an understanding of the molecular
mechanisms of physiological cell death. Proc Natl
Acad Sci USA 1993, 90:786-789

Gavrieli Y, Sherman Y, Ben-Sasson SA: Identification of
programmed cell death in situ via specific labeling of
nuclear DNA fragmentation. J Cell Biol 1992, 119:493-
501

Gerschenson LE, Rotello RJ: Apoptosis and cell prolif-
eration are terms of the growth equation. Apoptosis:
The Molecular Basis of Cell Death. Edited by LD Tomei,
FO Cope. Cold Spring Harbor, NY, Cold Spring Harbor
Laboratory Press, 1991, pp 175-192

Budtz PE: Epidermal homeostasis: a new model that
includes apoptosis. Apoptosis Il: The Molecular Basis
of Cell Death. Edited by LD Tomei, FO Cope. Cold
Spring Harbor, NY, Cold Spring Harbor Laboratory
Press, 1994, pp 165-183



24.

25.

26.

27.

28.

29.

30.

31.

32.

Barr PJ, Tomei LD: Apoptosis and its role in human
disease. Biotechnology 1994, 12:487-493

Hickman JA: Apoptosis induced by anticancer drugs.
Cancer Metastasis Rev 1992, 11:121-139

Gottlieb RA, Burleson KO, Kloner RA, Babior BM, En-
gler RL: Reperfusion injury induces apoptosis in rabbit
cardiomyocytes. J Clin Invest 1994, 94:1621-1628
Tanaka M, Ito H, Adachi S, Akimoto H, Nishikawa T,
Kasajima T, Marumo F, Hiroe M: Hypoxia induces ap-
optosis with enhanced expression of Fas antigen mes-
senger RNA in cultured neonatal rat cardiomyocytes.
Circ Res 1994, 75:426-433

Sabbah HN, Stein PD, Kono T, Gheorghiade M, Levine
TB, Jafri S, Hawkins ET, Goldstein S: A canine model of
chronic heart failure produced by multiple sequential
coronary microembolizations. Am J Physiol 1991, 260:
H1379-H1384

Sabbah HN, Shimoyama H, Kono T, Gupta RS, Sharov
VG, Scicli G, Levine TB, Goldstein S: Effects of long-
term monotherapy with enalapril, metoprolol, and
digoxin on the progression of left ventricular dysfunc-
tion and dilation in dogs with reduced ejection fraction.
Circulation 1994, 89:2852-2859

Schmitz GG, Walter T, Seibl R, Kessler C: Nonradioac-
tive labeling of oligonucleotides in vitro with the hapten
digoxigenin by labeling with terminal transferase. Anal
Biochem 1991, 192:222-231

James TN: Normal and abnormal consequences of
apoptosis in the human heart: from postnatal morpho-
genesis to paroxysmal arrhythmias. Circulation 1994,
90:556-573

Bing OHL: Hypothesis: apoptosis may be a mecha-

33.

34.

35.

36.

37.

38.

39.

40.

Cardiocyte Apoptosis in Heart Failure 149
AJP January 1996, Vol. 148, No. 1

nism for the transition to heart failure with chronic pres-
sure overload. J Mol Cell Cardiol 1994, 26:943-948
Wyllie AH: Apoptosis: cell death in tissue regulation. J
Pathol 1987, 153:313-316

Bennett MR, Evan Gl: The molecular basis of apopto-
sis. Heart Failure 1993, 8:199-211

Kerr JFR, Harmon BV: Definition and incidence of
apoptosis: an historical perspective. Apoptosis: The
Molecular Basis of Cell Death. Edited by LD Tomei, FO
Cope. Cold Spring Harbor, NY, Cold Spring Harbor
Laboratory Press, 1991, pp 5-29

Allen TD: Ultrastructural aspects of cell death.
Apoptosis: Perspectives on Mammalian Cell Death.
Edited by CS Potten. Oxford, Oxford University Press,
1987, pp 39-65

Kerr JFR, Searle J, Harmon BV, Bishop CJ: Apoptosis:
Perspectives on Mammalian Cell Death. Edited by CS
Potten. Oxford, Oxford University Press, 1987, pp 93—
128

Orrenius S, McConkey DJ, Bellomo G, Nicotera P: Role
of Ca?* in toxic cell killing. Trends Pharmacol Sci 1989,
10:281-285

Sharov VG, Sabbah HN, Kono T, Ali AS, Shimoyama H,
Lesch M, Goldstein S: Ultrastructural abnormalities of
cardiomyocytes in border zone of old infarctions: stud-
ies in dogs with chronic heart failure. FASEB J 1993,
7:A112

Shimoyama H, Sabbah HN, Sharov VG, Cook J, Lesch
M, Goldstein S: Accumulation of interstitial collagen in
the failing left ventricular myocardium is associated
with increased anaerobic metabolism. J Am Coll Car-
diol 1994, special issue (abstr):98A



